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The diversity of plasma membrane (PM) proteins
presents a challenge for the achievement of cargo-
specific regulation of endocytosis. Here, we describe
a family of proteins in yeast (ARTs, forarrestin-related
trafficking adaptors) that function by targeting spe-
cific PMproteins to the endocytic system. Twomem-
bers (Art1 and Art2) of the family were discovered in
chemical-genetic screens, and they direct downre-
gulation of distinct amino acid transporters triggered
byspecificstimuli. Sequenceanalysis revealeda total
of nine ART family members in yeast. In addition to
similarity to arrestins, the ARTs each containmultiple
PY motifs. These motifs are required for recruitment
of the Rsp5/Nedd4-like ubiquitin ligase, which mod-
ifies thecargoesaswell as theARTs.Asa result, ubiq-
uitinated cargoes are internalized and targeted to the
vacuole (lysosome) for degradation.We propose that
ARTs provide a cargo-specific quality-control path-
way that mediates endocytic downregulation by
coupling Rsp5/Nedd4 to diverse plasma membrane
proteins.
INTRODUCTION
Oneway eukaryotic cells sense and respond to their environment
is by altering the makeup of plasma membrane (PM) proteins at
the cell surface. Such cell surface remodeling plays an important
role in cell growth and differentiation. For instance, during T cell
development, cell surface remodeling is crucial for cell type
determination: progenitor cells that begin as double-negative
(CD48) transition through a double-positive (CD4+8+) stage
where both MHC coreceptors are present in the PM before ma-
turing into single-positive (CD48+ or CD4+8) thymocytes with
only one coreceptor at the cell surface. During neuromuscular
development inDrosophilaembryos, the surface transmembrane714 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.protein Commissureless (Comm) is expressed in all muscle cells,
yet proper synaptogenesis requires removal of Comm from the
muscle PM, indicating that cell surface remodeling is a key regu-
lator of innervation (Ing et al., 2007; Wolf et al., 1998). Given the
complexity of PM protein composition, homeostatic regulation
of specific surface proteins is a particularly challenging problem
for the cell. It is therefore not surprising that eukaryotic cells
have evolved numerous mechanisms to control protein abun-
dance and function at the cell surface in response to cellular
metabolism and extracellular cues.
Endocytic downregulation is a key mechanism for the control
of protein composition and organization at the PM. A classic
example of endocytic downregulation involves seven-transmem-
brane G protein-coupled receptors (GPCRs). Upon ligand bind-
ing, GPCRs undergo a conformational change, allowing them
to bind and activate heterotrimeric G proteins, which in turn
activate downstream secondary messenger cascades. Downre-
gulation of receptor signaling is mediated in part by two protein
families: GPCR kinases (GRKs) and arrestins. GRKs recognize
and phosphorylate active GPCRs. Arrestins then bind to phos-
phorylated GPCRs at the plasma membrane and antagonize
GPCR signaling pathways through a variety of mechanisms,
including steric exclusion of heterotrimeric G proteins and re-
cruitment of factors that promote endocytosis, such as adaptins
and clathrin (Moore et al., 2007). Although discovered for their
role in regulating GPCRs, more recent work has demonstrated
that arrestins function generally in the endocytic downregulation
of several PM protein families and may be key mediators of PM
protein homeostasis (Lefkowitz et al., 2006; Szabo et al., 2005).
In the process of endocytic downregulation, integral PM
proteins can be conjugated to ubiquitin, targeting them for (1) in-
ternalization by endocytosis, (2) sorting intomultivesicular bodies
(MVBs), and (3) delivery to lysosomes (Bonifacino andWeissman,
1998; Hicke and Dunn, 2003; Katzmann et al., 2004; Saksena
et al., 2007). In some cases, downregulated proteins interact
directly with a cognate ubiquitin ligase. For example, turnover
of the mammalian epithelial Na+ channel ENaC is mediated by
a C-terminal PYmotif (PPxY) that can directly bind aWWdomain
of Nedd4, a HECT domain-containing E3 ubiquitin ligase (Staub
et al., 1996;Malik et al., 2006; Lu et al., 2007). However,many PM
proteins lack PY motifs and are not capable of directly binding
Nedd4, suggesting that adaptors likely play an important role
in the recruitment of ubiquitin ligase activity to targeted PM
proteins.
Previous work has indicated that arrestins interact with ubiqui-
tin ligases. For example, b-arrestin2 can interact with the RING
domain-containing ubiquitin ligase Mdm2, and this interaction
is important for the agonist-induced ubiquitination and lysosomal
degradation of the b2-adrenergic receptor (Shenoy et al., 2001;
Shenoy and Lefkowitz, 2003). More recently, b-arrestin1, which
is required for agonist-induced downregulation of the chemokine
receptorCXCR4, has been shown to interactwith theHECTubiq-
uitin ligase AIP4 (Bhandari et al., 2007). Interestingly, arrestins are
not only involved in the ubiquitination of plasmamembrane cargo
but are in fact themselves also ubiquitin ligase substrates. For
example, the ubiquitin modification of b-arrestin2 appears to be
required for internalization of the b2-adrenergic receptor (Shenoy
et al., 2001; Shenoy and Lefkowitz, 2003). Thus, multiple lines of
evidence indicate that arrestin-mediated downregulation of inte-
gral PM proteins is a complicated regulatory process involving
the ubiquitination of both receptor and arrestin.
The role of ubiquitination in endocytic downregulation of PM
proteins is highly conserved among eukaryotic organisms, with
numerous examples in the budding yeast Saccharomyces cere-
visiae. Ubiquitination mediated by Rsp5, the yeast Nedd4 homo-
log, is known to be required for the endocytic downregulation of
numerous PM proteins. For example, after pheromone stimula-
tion, Rsp5-mediated ubiquitination is required for internalization
and degradation of both Ste2 and Ste3, the a-factor receptor
and the a-factor receptor, respectively (Hicke and Dunn, 2003).
In response to high concentrations of uracil, endocytic downre-
gulation of the uracil transporter Fur4 requires ubiquitination by
Rsp5 (Blondel et al., 2004). Numerous other cargoes that un-
dergo Rsp5-dependent downregulation, including the general
amino acid transporter Gap1 (Soetens et al., 2001), the PM
H+-ATPase Pma1 (Pizzirusso and Chang, 2004), and the metal
ion transporter Smf1 (Hettema et al., 2004). Interestingly, despite
the fact that downregulation of each of these cargoes requires
Rsp5-mediated ubiquitination, none of these proteins contain a
PY motif, and none are known to interact with Rsp5 directly. PY
motif-containing adaptors such as Bul1/2 (Soetens et al., 2001)
or Bsd2 (Hettema et al., 2004) have been shown to recruit
Rsp5 and function in the vacuolar trafficking of some of these
cargos, but these adaptors are not localized to the PM and are
thought instead to form a quality-control apparatus at the Golgi
that diverts misfolded membrane proteins to the vacuole/
lysosome for degradation. Thus, a molecular basis for Rsp5-
mediated quality control at the PM has yet to be described.
In this study, we report the identification of a family of arrestin-
related proteins that target specific PM proteins for endocytic
downregulation by serving as adaptors for Rsp5, the Nedd4-
like ubiquitin ligase in yeast. We call these proteins arrestin-
related trafficking adaptors, or ARTs. Two of these proteins,
Art1 and Art2, are involved in the induced downregulation of
specific amino acid transporters at the PM. Given their structural
and functional similarities to arrestins of higher eukaryotes, we
propose that ART family proteins remodel the cell surface inresponse to environmental cues. More generally, these proteins
may serve as part of a quality-control systemat the PM, targeting
damaged and misfolded membrane proteins for degradation in
the lysosome/vacuole.
RESULTS
Cvs7 Is a Cargo-Specific Regulator of Endocytosis
To identify new regulators of PM protein trafficking, we screened
the collection of 4652 S. cerevisiae knockout strains (each de-
leted for a nonessential gene) for increased sensitivity to canava-
nine, a toxic arginine analog that enters the cell via the arginine
transporter Can1 (Figure 1A, left panel). We reasoned that yeast
strains impaired in endocytosis would accumulate Can1 at the
PM, resulting in excess canavanine uptake and impaired growth
(Figure 1A, right panel, and Figure 1B). This chemosensitized
genetic screen revealed 294 canavanine-supersensitive (cvs)
strains (corresponding to 294 CVS genes), of which 34 had
been only poorly or not characterized at all according to the
Saccharomyces Genome Database (SGD). Details of this screen
along with the complete set of cvs mutants will be described
elsewhere.
To determine whether the canavanine supersensitivity of a cvs
strain was specifically due to impaired Can1 endocytosis, we
examined Can1-GFP localization in response to cycloheximide,
a stress condition known to trigger endocytosis of multispan PM
proteins (Galan and Haguenauer-Tsapis, 1997). Cycloheximide
induced the internalization and sorting of Can1 via the endoso-
mal/MVB pathway to the vacuole for degradation in wild-type
cells (Figure 1C, left panels). Among the uncharacterized cvs
strains, cvs7 (deleted for the open reading frame [ORF]
YOR322C) exhibited a strong defect in Can1 endocytosis (Fig-
ure 1C, right panels) and a delay in Can1 turnover (at least a
2-fold increase in half-life compared to that of the wild-type,
data not shown) after exposure to stress. Similar analysis of
the methionine transporter Mup1 revealed Cvs7-dependent en-
docytosis (Figure 1D) and turnover (Figure 1E, at least a 5-fold in-
crease in half-life compared to that of the wild-type) in response
to methionine stimulation. In contrast, we found that endocytic
downregulation of most cargos tested, including the uracil trans-
porter Fur4 (Figure 1F), the iron transporter Ftr1, the multidrug
transporter Pdr5, and the a-factor receptor Ste2 (Table S1 avail-
able online), was unaffected in cvs7Dmutant cells. Furthermore,
deletion of CVS7 did not affect the biosynthetic delivery of car-
boxypeptidase S from the Golgi to the vacuole (data not shown).
These results strongly suggested that CVS7 encodes a protein
required for the endocytosis of specific PM proteins, including
Can1 and Mup1. Thus, we chose to further examine the role of
Cvs7 as a cargo-specific endocytic regulator.
Cvs7 Is an Adaptor for the Ubiquitin Ligase Rsp5
To better understand the role of Cvs7 in endocytic regulation, we
adopted a bioinformatic approach but were unable to identify
any significant primary sequence homology to proteins of known
function. Our inspection, however, did reveal two adjacent PY
(X1-Pro-X2-Tyr, where X1 is often a Pro) motifs at amino acids
678–681 (PPIY) and 689–692 (PPCY; Figures 2A and 2B). Since
both Can1 and Mup1 lack PY motifs, we hypothesized thatCell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc. 715
Figure 1. Identification of CVS7 as a Gene Required for Endocytic
Downregulation of Specific Cargo
(A) Wild-type yeast cells can turn over Can1 via endocytosis, sorting, and traf-
ficking through the MVB pathway, but mutants defective in any of these steps
may prevent Can1 turnover, leading to growth phenotypes in the presence of
canavanine, a toxic analog of arginine.
(B) Wild-type or cvs7D yeast cells were grown in liquid culture to midlog phase
and spotted in 10-fold serial dilutions onto synthetic media plates ± 1 mg/mL
canavanine. The images shown were taken after 5 days of growth at 26C.
(C) Wild-type and cvs7D yeast cells expressing GFP-tagged Can1 were grown
to midlog phase, subjected to cycloheximide or mock treatment, and analyzed
by fluorescence microscopy. Can1-GFP localization to either the plasma
membrane (PM) or the vacuole is indicated. CMAC (blue) was used for visual-
ization of the vacuole.
(D) Wild-type and cvs7D yeast cells expressing Mup1-GFP were grown to
midlog phase and stimulated with 20 mg/mL methionine for 60 min. PM and
vacuolar localization of these cargos are indicated.
(E) Wild-type or cvs7D cells expressing FLAG-tagged Mup1 were grown to
midlog phase and stimulated with 20 mg/mL methionine. Cell lysates were
prepared at the indicated time points after stimulation and analyzed by716 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.Cvs7, via its C-terminal PY motifs, may bind to the WW domains
of Rsp5, thereby directing the ubiquitination of specific PM
proteins. To determine whether Rsp5 mediates stress-induced
endocytosis of Can1, we analyzed trafficking of Can1-GFP in
cells containing mutant alleles of rsp5. Notably, the WW2 and
WW3 domains of Rsp5 were required for stress-induced Can1
endocytosis, as rps5-ww2 and rsp5-ww3mutant cells displayed
stabilization of Can1-GFP at the PM (Figure 2C).
To determine whether Rsp5 regulates Can1 trafficking via
ubiquitination, we analyzed the extent of FLAG-tagged Can1
ubiquitination in wild-type and rps5-ww2 yeast cell extracts. In
wild-type extracts, Can1 exhibits a high-molecular weight (MW)
smear (Figure 2D), which is consistent with previous analysis of
ubiquitinated forms of multispanning transmembrane proteins
(Galan and Haguenauer-Tsapis, 1997; Liu and Chang, 2006;
Shenoy et al., 2001). Furthermore, loss of the high-MW Can1
smear was observed when the pool of free Ub was depleted
(mutant doa4 cells, Figure 2D) (Dupre´ et al., 2004). In contrast,
the Can1 smear was intensified in a strain known to accumulate
ubiquitinated cargoes (pep12D, Figure 2D) (Katzmann et al.,
2004). Taken together, these results indicate that the observed
high-MW smear of Can1-3xFLAG represents ubiquitin modifica-
tion. Importantly, ubiquitinated Can1 species (Ub-Can1) were
reduced in rsp5-ww2 mutant cells as compared to wild-type
cells (Figure 2D). Similarly, deletion of CVS7 resulted in reduced
Can1 ubiquitination (Figure 2D), consistent with a function for
Cvs7 as an Rsp5 adaptor. Given the requirement of Rsp5 and
Cvs7 for Can1 ubiquitination, we hypothesized that Cvs7 might
be acting as an adaptor for the Rsp5 ubiquitin ligase.
Proteomic studies previously determined that Cvs7 and Rsp5
coaffinity purify from yeast cell extracts (Krogan et al., 2006). To
address whether this interaction occurs between the PY motifs
of Cvs7 and theWWdomains of Rsp5,wemeasured in vitro bind-
ing of GST fused with the WW domains of Rsp5 (GST-3xWW) to
in vitro-translated Cvs7. Although wild-type Cvs7 exhibited an
affinity for the WW domains of Rsp5, mutations in the PY motifs
of Cvs7 abrogated this binding (Figure 2E). In vivo, stress-
induced Can1 internalization was impaired in cells expressing
a PY mutant allele of cvs7 (PAIA/PACA, Figure 2F) suggesting
that the Cvs7 interaction with Rsp5 is crucial for its function as
an endocytic regulator. Together, these results demonstrate
that the WW domains of Rsp5 bind to Cvs7 through the tandem
PY motifs, and this interaction is critical for Can1 ubiquitination
and stress-induced endocytosis.
To test whether Rsp5 recruitment to Can1 at the PM is suffi-
cient to drive endocytosis and vacuolar trafficking, we directly
linked the Cvs7 PY motifs to the C-terminal cytosolic tail of
Can1 (Figure 2G). In this way, we reasoned that it might be
possible to bypass the requirement for Cvs7 in regulated Can1
endocytosis. Strikingly, a Can1-PPIY/PPCY-GFP chimera was
SDS-PAGE and immunoblot. Pep12 was used as a loading control. Note
that in the absence of methionine stimulation (t = 0), cvs7D cells have
2-fold increase in Mup1, indicating a reduced rate of basal Mup1 turnover
in this mutant.
(F) Wild-type and cvs7D yeast cells expressing Fur4-GFP were grown to
midlog phase and stimulated with 20 mg/mL uracil for 90 min. PM and vacuolar
localization of these cargos are indicated.
Figure 2. Cvs7 Is a Ubiquitin Ligase Adaptor
(A) Local alignment of the PY motifs of Yor322c/Cvs7 with several related proteins from diverse species, with PY motifs boxed in blue.
(B) Domain organization schematic of yeast Cvs7, Rsp5, and human Nedd4-2 proteins.
(C) Can1-GFP localizationwas analyzed after stress induction ofwild-type cells or rsp5mutant cells carrying domain-disruptingmutations inWW1,WW2, orWW3.
(D) Yeast cells expressing FLAG-tagged Can1 were grown to midlog phase, and total cell proteins extracts were isolated, resolved by SDS-PAGE, and
immunoblotted. doa4D cells were used as a ubiquitin-limiting control, while pep12D cells were used to stabilize ubiquitinated Can1 at the PM. NS indicates
two nonspecific bands present in the yeast lysate.
(E) GST fused to the WW domains of Rsp5 (GST-3xWW) was purified and used to pull down in vitro-translated full-length Cvs7 containing either wild-type or
mutated PY motifs. Percent of the input bound to the GST-3xWW is indicated.
(F) Stress-induced trafficking of Can1-GFP was analyzed in cells expressing wild-type Cvs7 or the PY motif mutant (PAIA/PACA).
(G) Can1-GFP fused to wild-type or mutant PY motif sequences from Cvs7 were scored for localization in unstimulating conditions. Schematics for the fusion
proteins tested are shown at the top.constitutively targeted to the vacuole without stress induction in
wild-type and cvs7Dmutant cells (Figure 2G). In contrast, fusion
of the PAIA/PACA mutant form of the same peptide to the
C terminus of Can1 failed to induce constitutive trafficking to
the vacuole. Together, our results suggest that Cvs7 functions
as a ubiquitin ligase adaptor, directing Rsp5-mediated ubiquiti-
nation and regulated endocytosis of specific PM transmembrane
proteins.
Cvs7 Translocates to the PM in Response to Changes
in Nutrient Availability
To understand how Cvs7 regulates endocytosis of PM trans-
membrane proteins, we examined its subcellular localization
using a Cvs7-GFP fusion. In synthetic media under nonstress
conditions, Cvs7-GFP localized to the late Golgi (as intracellular
puncta localized with the known marker Sec7; Figure 3A, solidarrows) and to the cytoplasm (as diffuse green fluorescence,
Figure 3A). In this condition, Cvs7-GFP signal was weak at the
PM but could be detected (Figure 3A, open arrows). Since
Cvs7-mediated downregulation of PM proteins must be specifi-
cally induced, we examined Cvs7 localization under various con-
ditions. Interestingly,whencellswere stressedbycycloheximide,
we observed enrichment of Cvs7-GFP at the PM (arrows in Fig-
ure 3A, second row of images), consistent with stress-induced,
Cvs7-mediated internalization of Can1. We also observed a
striking redistribution of the intracellular pool of Cvs7-GFP to the
PM, especially in small budded cells, upon shift from synthetic
medium to rich medium (Figure 3A, bottom panel). These results
suggest a redistribution of intracellular Cvs7 in response to stress
and changes in nutrient availability. This relocalization could
serve as a regulatory mechanism for the ubiquitination and
endocytic sorting of specific PM transmembrane cargos.Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc. 717
Cvs7 Localization Is Regulated by Rsp5-Catalyzed
Ubiquitination
When HA-tagged Cvs7 was immunoprecipitated and analyzed
by immunoblot, we observed at least two forms of the protein—
a minor band corresponding to the predicted molecular weight
of Cvs7, and a more prominent band with a slightly lower
mobility—by SDS-PAGE (Figure 3C). Previous proteomic studies
have identified Cvs7 as being ubiquitinated at K486 (Hitchcock
et al., 2003) (Figure 3B), so we tested whether the lower-mobility
form represents ubiquitin modification. Indeed, the lower-mobil-
ity form of the protein was detected by a-ubiquitin antibodies
(Figure 3C). Furthermore, similar analysis of a Cvs7 K486R
Figure 3. Cvs7 Is Recruited to the PM during Cargo Downregulation
(A) Strains expressing chromosomal Cvs7-GFP and episomal Sec7-DsRed were grown to midlog phase and analyzed by deconvolution fluorescence micros-
copy. In YNB synthetic media (top panels), Cvs7 (green) localizes to cytosolic punctae, some of which colocalize with the late Golgi marker Sec7 (solid arrows),
whereas others seem to transiently associate with the PM (open arrows). Vacuoles were stained with CMAC (blue). Upon cycloheximide treatment, Cvs7-GFP
undergoes a relocalization to stable PM structures (arrows). A similar relocalization is observed when the yeast are grown in YNB synthetic media and shifted to
rich media (YPD) (bottom panels).
(B) Previous studies indicate ubiquitination of Cvs7 at K486. The schematics of Cvs7 represent wild-type, K486R, and PAIA/PACA mutants.
(C) Strains containing empty vector or constructs expressing HA-tagged Cvs7 indicated in (B). Extracts from these yeast strains were prepared and immunopre-
cipitated with a-HA antibodies. Immunoprecipitates were resolved by SDS-PAGE and analyzed by immunoblot with both a-HA and a-ubiquitin antibodies. The
red dot indicates the band corresponding to the ubiquitinated form of Cvs7.
(D) Yeast cells expressing FLAG-taggedCvs7 andHA-tagged Rsp5 (wild-type and threeWWdomainmutants) were grown tomidlog phase. Protein extracts were
prepared, resolved by SDS-PAGE, and analyzed by immunoblot with a-HA and a-FLAG antibodies. On the basis of densitometry determination of the Cvs7
bands, a ubiquitination ratio was determined and is indicated below each gel lane.
(E)Growthcurveofcvs7Dcells expressingeitherwild-typeCvs7or theK486Rmutant grown in syntheticmedia containing20mg/mLcanavanineover a48hrperiod.
(F) Yeast cells expressing wild-type Cvs7-GFP, K486R, or PAIA/PACAmutants were grown tomidlog phase and analyzed by fluorescence microscopy. Although
Cvs7-GFP localization to Golgi puncta in the K486R and PAIA/PACA mutants seems replaced by a diffuse cytosolic signal, some puncta associated with the PM
are still evident (yellow arrows). Vacuoles were stained with CMAC (blue).718 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.
mutant or the PYmotif mutant revealed that both lack the ubiqui-
tinated form of Cvs7, instead accumulating in the unmodified
form (Figure 3C). These results are consistent with ubiquitination
of Cvs7 by Rsp5 at residue K486. To confirm that ubiquitin mod-
ification of Cvs7 is Rsp5 dependent, we examined theCvs7mod-
ification in strains expressing mutant alleles of rsp5 (Figure 3D).
Notably,mutations inWW2 andWW3 resulted in reduced ubiqui-
tination of Cvs7, suggesting that Rsp5 ubiquitinates Cvs7 in vivo
and that this modification requires interaction between the WW
domains of Rsp5 and the PY motifs of Cvs7.
The K486R allele of cvs7 did not rescue the canavanine hyper-
sensitivity phenotype (Figure 3E), indicating that ubiquitination of
Cvs7 is required for function. Interestingly, when we analyzed
Cvs7K486R-GFP localization, we noticed a diffuse cytosolic distri-
bution instead of the Golgi-localized punctae observed with
wild-type Cvs7 (Figure 3F). Likewise, the Cvs7 PY mutant dem-
onstrated increased diffuse cytoplasmic localization (Figure 3F).
Despite the significant affect these mutations have on the Golgi
localization of Cvs7, we were still able to observe some PM-
associated punctae in the K486R mutant, suggesting that it
may still be recruited to the PM. Our results suggest that ubiqui-
tination of Cvs7 is required for function and for Golgi localization;
however, the regulatory significance of this modification remains
to be elucidated.
Cvs7/Art1 Has an Arrestin Motif Required
for Endocytic Downregulation
In an effort to better understand the function of Cvs7, we submit-
ted the Cvs7 primary sequence to the ModWeb Comparative
Modeling Server, a resource that predicts structural models of
unknown sequences using databases of known protein struc-
tures. Interestingly, ModWeb predicted two structural models
for an N-terminal portion of Cvs7 (Table S2), each using a mam-
malian arrestin as a reference structure. The predicted structure
for this N-terminal segment of Cvs7 seems very similar to the
mammalian arrestin fold, consisting of two b-sandwich domains
connected by a flexible linker and a C-terminal lariat loop (Fig-
ure 4A, Figure S1, and Table S3). Although Cvs7 does not exhibit
considerable sequence similarity to known arrestin sequences,
we identified an amino acid motif that is highly conserved
between Cvs7 and arrestin proteins from diverse species
(Figure 4B, Figure S2A, colored red in Figure 4A).
Since arrestins in higher eukaryotes function in the endocytic
downregulation of various PM proteins, we hypothesized that
the arrestin domain of Cvs7 may be required for its role as a
cargo-specific regulator of endocytosis. To test this, we made
substitutions atG193, an invariantly conserved residue in arrestin
proteins (asterisk, Figure 4B). Although a G193W mutation was
not expressed in yeast cells, a G193A mutant was expressed at
roughly wild-type levels (Figure S2B). Yeast cells expressing
the G193A mutant form of Cvs7 were impaired for induced
Mup1 endocytosis (Figure 4C) and exhibited canavanine hyper-
sensitivity (Figure 4D). Furthermore, we identified other substitu-
tions at conserved positions within the arrestin motif that ablated
Cvs7 function (Figure S2). These results indicate that the
conserved arrestin motif in Cvs7 is required for endocytic down-
regulation of specific PM proteins, suggesting structural and
functional relation to the arrestin family of proteins in highereukaryotes. We therefore renamed the Cvs7 (Yor322c) protein
as Art1, the first member of a yeast protein family of arrestin-
related trafficking adaptors, or ARTs.
Since proteins with arrestin fold structures often act as multi-
functional scaffolds that transiently associate with integral mem-
braneproteinsand recruit factors involved in trafficking, signaling,
andubiquitination,wehypothesized that Art1might transiently in-
teractwithcargomoleculesafter stimulation. To test this,wegrew
yeast cells expressingMup1-FLAGandArt1-HA tomidlog phase,
stimulated themwith methionine, treated themwith crosslinkers,
and immunoprecipitated the FLAG epitope under denaturing
conditions. We observed a very faint Art1-HA band that coimmu-
noprecipitated with the Mup1-FLAG (Figure 4E), suggesting that
Art1 and Mup1 interact upon stimulation with methionine. To-
gether, our data suggest thatArt1, uponstimulation, is relocalized
to the PM,where it can transiently interact with cargos,mediating
their ubiquitination by recruitment of Rsp5.
The ART Family of Proteins in S. cerevisiae:
Adaptors for Rsp5
Our observation that Art1 is a cargo-specific regulator of endo-
cytosis led us to hypothesize that the yeast genome might
encode other similar proteins that regulate cargo-specific endo-
cytosis. Using the Motif Alignment and Search Tool (MAST), we
searched the yeast genome for other proteins with the arrestin
motif identified in Art1. Nine proteins (including Art1) with the
arrestin motif were identified in the S. cerevisiae genome (Fig-
ure 5A). Each of these sequences was submitted to ModWeb,
and all but two of the proteins were predicted to have N-terminal
arrestin folds (Table S2). Furthermore, each of these sequences
contained C-terminal PYmotifs, suggesting that eachmay act as
an adaptor for the Rsp5 ubiquitin ligase.
To determine which ART family members were capable of
interacting with Rsp5, we analyzed whole-cell yeast lysates
expressing FLAG-tagged ART proteins by using a pulldown as-
say with the three WW domains of Rsp5 fused to GST as bait
(GST-3xWW; Figure 5B). As expected, Art1 was pulled down
with the GST-3xWW, an interaction that was lost when the C-ter-
minal region containing the PY motifs was deleted (Figure 5B).
Like Art1, Art2 bound the WW domains of Rsp5 (Figure 5B),
and a PYmotif (PPRY) at the C-terminal end of Art2 was required
for this interaction (absent from an Art2DC mutant; Figure 5B).
Indeed, all but one of the ART proteins tested (Art9) seemed to
have some ability to bind the WW domains of Rsp5. Consistent
with our results, all but two of the ART proteins (Art5 and Art9)
were observed to copurify with Rsp5 from yeast cell extracts in
large-scale proteomic studies (Andoh et al., 2002; Krogan
et al., 2006). Together, these results suggest that other ART fam-
ily members, like Art1, might regulate endocytosis by recruiting
Rsp5 ubiquitin ligase activity to specific PM proteins in response
to extracellular stimuli. Given the similar domain organization of
these proteins combined with their ability to bind to Rsp5, we
refer to this as the ART family of proteins in yeast.
Art1 and Art2 Regulate Stimulus-Dependent
Endocytosis of Lyp1
To identify potential roles for other ART family members in endo-
cytic downregulation of specific PM proteins, we compared ourCell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc. 719
Figure 4. Cvs7/Art1 Has an Arrestin Motif Required for Function
(A) Cvs7 (residues 135–397, shown in gray) was predicted to have a structure similar bovine b-arrestin1 (PDB: 1G4M; amino acids 46–309, shown in blue) with
ModWeb (E value = 4E-14).
(B) Motif analysis identified a sequence that is highly conserved in Cvs7 and mammalian arrestins (colored red in [A]). Alignment of this motif reveals several
residues that are identical (shaded red) and highly similar (red text). A schematic of human b-arrestin1 and yeast Cvs7 is shown, highlighting the conserved
arrestin motif (yellow) within the predicted arrestin domain (blue). A strictly conserved Gly residue (asterisk) is labeled on both structures in (A).
(C and D)Methionine-induced trafficking of Mup1-GFPwas analyzed in cvs7D cells, cells expressing wild-type CVS7, and cells expressing aG193Amutant allele
(C). These strains were also scored for growth in the presence of 20 mg/mL canavanine over a 48 hr period (D).
(E) Yeast cells expressing Mup1-FLAG and/or Art1-HA were stimulated with methionine, treated with crosslinkers, and TCA precipitated. FLAG immunoprecip-
itates were analyzed by SDS PAGE and immunoblot.720 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.
canavanine supersensitivity screen data to results from a similar
yeast genome-wide growth profile generated with thialysine
(Parsons et al., 2006), a toxic lysine analog that enters the cell
via the lysine transporter Lyp1. General regulators of endocytic
downregulation, such as components of the ESCRT machinery,
were identified as both thialysine and canavanine sensitive. Two
ART family member mutants, Art1 (Yor322c) and Art2 (Ybl101c),
were found to be thialysine hypersensitive (Parsons et al., 2006).
The art2Dmutant was not identified in our canavanine supersen-
sitivity (cvs) screen and exhibited no defects in the stimulated
endocytosis of Can1 (Table S1), suggesting that Art2 might be
a specific regulator of Lyp1 endocytosis.
We found that endocytosis of Lyp1 can be induced either by
addition of lysine, its natural substrate, or by stress (addition of
cycloheximide) in wild-type cells (Figure 6A). Strikingly, lysine-
induced Lyp1 endocytosis specifically required Art1 but not Art2
(Figure 6B). In contrast, stress-induced Lyp1 endocytosis specif-
ically requiredArt2 but not Art1 (Figure 6B). Thus, Lyp1 internaliza-
tioncanbe triggeredby twodifferentstimuli, and these twodistinct
pathways require different ART family proteins for endocytosis.
Figure 5. Members of the ART Family of
Proteins in Yeast Are Adaptors for Rsp5
(A) Iterative PSI-BLAST analysis identified a family
of arrestin-related proteins in yeast. Each ART pro-
tein contains the arrestin motif (yellow box, see
Figure 4B), and seven of the nine family members
are predicted to contain an N-terminal arrestin fold
domains (blue boxes, see Table S2). Green bars
indicate PY motifs. Based on sequence similarity,
relatedness of each ART family member is indi-
cated by the tree (left).
(B) Whole-cell lysates prepared from strains
expressing chromosomally FLAG-tagged ART
family proteins were incubated with GST-3xWW.
Retained proteins were eluted, resolved by
SDS-PAGE, and analyzed by a-FLAG immuno-
blot. GST alone was used as a negative control.
All bands shown are consistent with expected
molecular weights (data not shown).
To test whether these Lyp1 downregu-
lation pathways require Art-mediated
Rsp5 recruitment, we examined Lyp1
localization in cells expressing mutant
forms of Art1 or Art2 defective for interac-
tion with Rsp5. Alanine substitution of the
PY motifs in Art1 (PAIA/PACA) impaired
lysine-stimulated Lyp1 endocytosis, sta-
bilizing Lyp1 at the PM (Figure 6C, top
panel). Likewise, deletion of a PY motif
at the C terminus of Art2 (in the art2DC
mutant) delayed stress-induced Lyp1
endocytosis as compared to cells ex-
pressing wild-type Art2 (Figure 6C,
bottom panel). Thus, in the case of both
stimuli, endocytic downregulation of
Lyp1 required Art-mediated interaction
with Rsp5. These results are consistent
with our model that the ART family members regulate endocyto-
sis of specific PM proteins by recruitment of the Rsp5 ubiquitin
ligase.
To map the sequences of Can1 and Lyp1 that are recognized
by Art1 and Art2, respectively, we generated two chimeric re-
porters fused to GFP (shown at the top in Figures 6D and 6E).
One contained the bulk of Can1, but the N-terminal tail region
was replaced with the corresponding region of Lyp1 (Lyp1N-
Can1T+C-GFP; N, N-terminal tail; T, transmembrane region; C,
C-terminal tail). The other contained the N-terminal tail of Can1
and the rest of Lyp1 (Can1N-Lyp1T+C-GFP). In wild-type cells,
both chimeras were internalized in response to stress, indicating
that each chimera contains information sufficient for directing
stress-induced endocytosis (Figures 6D and 6E, top panels).
Next, we analyzed trafficking of these chimeras in art1D and
art2D yeast cells. Interestingly, we found that the presence of
theLyp1N-terminal cytosolic tail was sufficient to conferArt2-de-
pendent vacuolar trafficking (Figure 6D). Similarly, the presence
of the Can1 cytosolic tail was sufficient to confer Art1-dependent
vacuolar trafficking (Figure 6E). Thus, under conditions of stress,Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc. 721
Figure 6. Art1 and Art2 Mediate the Endocytic Downregulation of Lyp1 in Response to Different Environmental Conditions
(A) Wild-type yeast cells expressing GFP-tagged Lyp1 were grown to midlog phase, stimulated by the addition of 50 mg/mL cycloheximide or 230 mg/mL lysine,
and imaged by fluorescence microscopy. 7-amino-4-chloromethylcoumarin (CMAC, blue) was used as a marker for vacuoles.
(B) Lyp1-GFP trafficking in response to cycloheximide induction or lysine induction was analyzed in both art1D and art2D backgrounds.
(C) Lyp1-GFP trafficking in yeast cells expressing the art1-PAIA/PACAmutant allele or the art2DCmutant allele, which both exhibit diminished affinity for Rsp5,
were analyzed by fluorescence microscopy.
(D) We constructed a GFP-tagged cargo chimera containing the N-terminal cytosolic tail of Lyp1 and the transmembrane domains and C-terminal tail of Can1.
The stress-induced trafficking of this cargo was analyzed by fluorescence microscopy in wild-type, art1D, and art2D yeast cells.
(E)We constructed aGFP-tagged cargo chimera containing the N-terminal cytosolic tail of Can1 and the transmembrane domains andC-terminal tail of Lyp1. The
stress-induced trafficking of this cargo was analyzed by fluorescence microscopy in wild-type, art1D, and art2D yeast cells.Art1 and Art2 seem to recognize elements of the N-terminal
cytosolic tail of Can1 and Lyp1, respectively. Taken together,
our results demonstrate that ART proteins link the cytoplasmic
tails of specific cargoes to the Rsp5 ubiquitin ligase in response
to distinct endocytic-triggering signals (Figure 7A).
DISCUSSION
Ubiquitin modification of integral PM proteins is a crucial deter-
minant of endocytic downregulation. At the PM, ubiquitin recruits
endocytic machinery and targets PM proteins for packaging into
vesicles. At the endosome, ubiquitin targets these cargos for
recognition and sorting by the ESCRT machinery into luminal
vesicles of late endosomes (MVBs) prior to delivery to the
vacuole/lysosome, where degradation occurs. In this study, we722 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.identify a family of yeast proteins, called ARTs, that regulate
the ubiquitination of specific cargos at the PM in response to
specific stimuli. Thus, our results indicate that the ARTs control
a key regulatory step that initiates endocytic downregulation, a
crucial mechanism for such cellular processes as surface re-
modeling and quality control of damaged or misfolded proteins
at the PM.
Relationship of Yeast ARTs to Mammalian Arrestin
Domain-Containing Proteins
In addition to our analysis of the ART family presented here, other
studies haveusedbioinformatics approaches to suggest that two
ARTs (Art4/Rod1 in S. cerevisiae and PalF, the homolog of Art9/
Rim8, in Aspergillus nidulans) may have similarity to mammalian
arrestins (Herranz et al., 2005; Shinoda and Kikuchi, 2007). In
particular, PalF in A. nidulans (Art9/Rim8 in S. cerevisiae) is
intriguing because of its requirement for the alkaline pH signaling
response. This signaling pathway requires endocytic trafficking
and the ESCRT machinery, and although a specific pH sensor
cargo has not been identified, PalH (Rim21 in S. cerevisiae), a
7TM PM protein that is also required for alkaline pH signaling, is
thought to be part of the pH sensor at the PM (Penalva et al.,
2008). Interestingly, PalF was shown to bind to PalH in both
a two-hybrid systemand in vitro (Herranz et al., 2005), suggesting
that PalFmight interactwithPalH at thePM to regulate its traffick-
ing as an important step in thepHsignaling pathway.Wepropose
that PalF/Art9 might regulate the pH-induced endocytosis of
PalH/Rim21 in the same manner that Art1 and Art2 regulate the
endocytosis of Can1 and Lyp1, respectively.
Despite a lack of extensive conservation in primary amino acid
sequence, our data suggest that the ARTs in S. cerevisiae
have structural similarities to the arrestin proteins of mammals.
Because this is based on predictive structural modeling, we
Figure 7. A Model for ARTs as Cargo-Specific Ubiquitin Ligase
Adaptors
At any given time, many integral PM proteins (cargos) are present at the cell
surface, and their abundance must be regulated by basal turnover mecha-
nisms, as well as in response to environmental stimuli. We propose that the
ART family of proteins help to mediate cargo specificity during endocytic
downregulation.
(A) Many cargos require Rsp5-mediated ubiquitination for endocytic downre-
gulation but lack PY domains and cannot recruit Rsp5 directly. ARTs serve as
adaptors for Rsp5 and encode the specificity of cargo ubiquitination.
(B) We propose that, in response to specific stimuli, ART proteins recognize
specific cargos at the PM and recruit the Rsp5 ubiquitin ligase. Ubiquitination
of cargo determines trafficking to vacuole and degradation.concede that this similarity must be confirmed by the determina-
tion of ART protein structures. However, it is not surprising that
a protein with limited primary sequence homology tomammalian
arrestins might have a very similar structure. For example,
Vsp26, a component of the retromer, was shown to have a struc-
ture very similar to that of mammalian arrestins despite having no
significant primary sequence homology (Shi et al., 2006; Collins
et al., 2008). Although themolecular function of Vps26 remains to
be elucidated, it is part of a retromer subcomplex (with Vps35
and Vps29) involved in recognition of cargo at the endosome
and retrograde transport to the Gogli (Bonifacino and Hurley,
2008). Given the fact that Vps26,mammalian arrestins, and yeast
ARTs all appear to have similar structures, it is tempting to spec-
ulate that the arrestin fold is a useful scaffold for the regulation of
various membrane trafficking events within the cell.
Perhaps themost strikingmechanistic similarity betweenARTs
in yeast and mammalian arrestins is that both act as ubiquitin
ligase adaptors. The interaction between b-arrestin1 and AIP4
seems to parallel the interaction between ARTs and Rsp5, since
both ubiquitin ligases are HECT type, but, unlike ARTs, b-ar-
restin1 lacksPYmotifs. Thus, themechanismof b-arrestin1 inter-
action with AIP4 may be very different from the PY-mediated
interaction of ARTs with the WW domains of Rsp5. Interestingly,
there are several uncharacterized arrestin domain-containing
(ARRD) proteins encoded in the human and mouse genomes
that contain multiple C-terminal PY motifs (Table S5). It is thus
tempting to speculate that in humans the ARRDs may play a
role in receptor ubiquitination via their ability to recruit a Nedd4
ubiquitin ligase. We propose that a functional relationship may
exist between yeast ARTs and the uncharacterized mammalian
ARRD proteins.
Our results that Art1 and Art2 act as cargo-specific regulators
of endocytosis suggest some interesting parallels with arrestin-
mediated endocytic downregulation of GPCRs in mammalian
cells, but there are important distinctions between ARTs and
mammalian arrestins that suggest different mechanisms of ac-
tion. For instance, mammalian arrestins are known to bind and
recruit components of the endocytic machinery, including cla-
thrin and b2-adaptin, and the interaction domains for these bind-
ing events have beenmapped to specific residues on the arrestin
crystal structure (Moore et al., 2007). Strikingly, the residues that
govern these important interactions are not conserved in ARTs.
Although we cannot exclude the possibility that ARTs might bind
and recruit components of the endocytic machinery, our data
suggest that the primary function of ARTs is to recruit the Rsp5
ubiquitin ligase, since fusion of Can1 to the PY motifs of Art1
was sufficient to drive endocytosis and vacuolar trafficking in
a constitutive manner (Figure 2G). Thus, although ARTs do act
as scaffolds that drive endocytic downregulation by controlling
cargo ubiquitination, there are likely to be significant mechanistic
differences when compared to mammalian arrestins.
AWorkingModel for Cargo-Specific Endocytic Adaptors
Given the complexity of PM proteins at the cell surface, the
demand for constant homeostatic regulation and turnover of
damaged/misfolded PM proteins, and the need to occasionally
remodel the PM protein composition in response to environmen-
tal cues, it is not surprising that cells have evolved numerousCell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc. 723
mechanisms to control the composition of PM proteins. In yeast,
there may be hundreds of distinct PM proteins at any given time
(Huh et al., 2003), so it is crucial for the cell to use a highly specific
system for the targeted removal of specific PM proteins. One
such adaptor system is the ARTs, which mediate endocytic
downregulation by recruiting Rsp5 to specific PM cargos (Fig-
ure 7). Our demonstration that Art1 directs the Rsp5-mediated
ubiquitination of Can1 was scored by the loss of a high-MW
smear on SDS-PAGE (Figure 2D), a readout that is indirect but
nonetheless consistent with previous studies of ubiquitinated
transmembrane proteins (Galan and Haguenauer-Tsapis, 1997;
Liu and Chang, 2006). Taken together, our data show that Art1
and Art2 function as cargo-specific ubiquitin ligase adaptors,
and we propose that other ART family members could function
similarly to downregulate various PM proteins.
One key question of ART-mediated downregulation is how
specific cargos are recognized and targeted for degradation. In
response to specific stimuli, Art1 and Art2 are recruited to the
PM and recognize N-terminal cytoplasmic tails of Can1 and
Lyp1 (Figures 6D and 6E). This interaction could be governed
by phosphorylation of the cargo at the N-terminal cytosolic tail.
Consistent with this hypothesis, we have initially identified serine
residues in the N-terminal tail of Lyp1 that are necessary for Art2-
mediated internalization (C.H.L and S.D.E., unpublished data).
Alternatively, Art1 may sense a conformational change in Lyp1
resulting from elevated lysine influx. Further studies will be re-
quired for a better understanding of the regulation of the physical
interaction between ARTs and their respective cargos during en-
docytic downregulation.
In eukaryotic cells, the turnover of damaged/misfolded PM
proteins is an important part of PM homeostasis (Li et al.,
1999; Liu and Chang, 2006; Sharma et al., 2004), yet our under-
standing of surveillance and quality-control mechanisms is poor.
Although we do not directly show that ARTs are involved in de-
tecting misfolded or damaged PM proteins and targeting them
for degradation, it is intriguing to consider that our model for
ART-mediated endocytic downregulation may function as part
of a quality-control system at the PM. Ultimately, deciphering
the Art-cargo selective sorting code will provide important in-
sights into the details of PM protein quality control, turnover,
and cell surface remodelling.
EXPERIMENTAL PROCEDURES
Plasmids, Strains, and Yeast Growth Conditions
Protein cargo and ART genes with their endogenous promoters were cloned
from yeast genomic DNA into vectors (pRS) appropriate for microscopy and
immunodetection (Table S7). Constructs with point mutations were generated
by PCR. All constructs assembled from PCR fragments were verified by
sequencing. Genomic tagging and deletion of genes were done with standard
PCR-based homologous recombination (Table S6). For determination of
growth phenotypes in the presence of canavanine, yeast was grown on yeast
nitrogen base (YNB) plates or in liquid YNB media with the indicated concen-
trations of canavanine.
Microscopy
Living cells were harvested in the midlog phase and resuspended in the orig-
inal growth medium before they were examined on a Zeiss Axiovert S100 2TV
(for cargos) or an Olympus IX71 (for ARTs) microscope equipped with fluores-
cein isothiocyanate (FITC) and rhodamine filters. Because of the different724 Cell 135, 714–725, November 14, 2008 ª2008 Elsevier Inc.nutrient requirements for assaying amino acid transporters, assays involving
Mup1 were done in SEY6210 with media lacking Met (which was added
back later to trigger internalization). Similarly, assays involving Lyp1 were
done in BY4741 with media lacking basic amino acids (Lys was added back
to trigger internalization). For visualization of endosomes, nuclei, and the
vacuole, cells were labeled with FM4-64, DAPI, or CMAC (Invitrogen) when
appropriate.
Immunodetection and Protein Interaction Assays
Antibodies used in this study include the following: a-FLAG (M2, Sigma), a-HA
(12CA5, Roche), a-Ub (a 1:1 mixture of StressGen SPA-203 and Zymedmono-
clonals), a-PGK, and a-Pep12 (Invitrogen). For whole-cell lysates, yeast cells
were precipitated in 10% trichloroacetic acid (TCA), washed two times in
acetone, and resolubilized in a cracking buffer (8 M urea, 50 mM Tris-HCl
[pH 7.5], 1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM NaCl, 1%
SDS) at 37C. Urea sample buffer was added (75 mM Tris [pH 6.8], 3 M
urea, 3% SDS with bromophenol blue), and whole-cell lysates were resolved
by SDS-PAGE, transferred to polyvinylidene fluoride (PVDF), and analyzed
by blotting with the indicated antibodies. Conditions for GST pulldowns have
been described (Lin et al., 2001). Additional details of protein interaction
studies are available in the Supplemental Data.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Results and Discussion, Supple-
mental Experimental Procedures, five figures, and seven tables and can
be found with this article online at http://www.cell.com/supplemental/
S0092-8674(08)01182-3.
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